The synthesis and processing of mRNA, from transcription to translation initiation, often requires splicing of intragenic material. The final mRNA composition varies based on proteins that modulate splice site selection. EWS-FLI1 is an Ewing sarcoma (ES) oncoprotein with an interactome that we demonstrate to have multiple partners in spliceosomal complexes. We evaluate the effect of EWS-FLI1 on posttranscriptional gene regulation using both exon array and RNAseq. Genes that potentially regulate oncogenesis, including CLK1, CASP3, PPFIBP1, and TERT, validate as alternatively spliced by EWS-FLI1. In a CLIP-seq experiment, we find that EWS-FLI1 RNA-binding motifs most frequently occur adjacent to intron-exon boundaries. EWS-FLI1 also alters splicing by directly binding to known splicing factors including DDX5, hnRNP K, and PRPF6. Reduction of EWS-FLI1 produces an isoform of γ-TERT that has increased telomerase activity compared with wild-type (WT) TERT. The small molecule YK-4-279 is an inhibitor of EWS-FLI1 oncogenic function that disrupts specific protein interactions, including helicases DDX5 and RNA helicase A (RHA) that alters RNA-splicing ratios. As such, YK-4-279 validates the splicing mechanism of EWS-FLI1, showing alternatively spliced gene patterns that significantly overlap with EWS-FLI1 reduction and WT human mesenchymal stem cells (hMSC). Exon array analysis of 75 ES patient samples shows similar isoform expression patterns to cell line models expressing EWS-FLI1, supporting the clinical relevance of our findings. These experiments establish systemic alternative splicing as an oncogenic process modulated by EWS-FLI1. EWS-FLI1 modulation of mRNA splicing may provide insight into the contribution of splicing toward oncogenesis, and, reciprocally, EWS-FLI1 interactions with splicing proteins may inform the splicing code.
T he alternative splicing of mRNA expands the diversity of the human proteome through evolution and ontogeny (1, 2) . Spliceosomal network interactions, including proteins that recognize splice enhancer and silencer regions, are critical for the regulation of alternative splicing leading to protein isoforms with disparate functionality (3) . Alternative splicing provides both a method by which to categorize subsets of cancers and an avenue for more effective targeted treatments (4) . However, the spliceosomal protein interaction networks that are specific to cancer have not been systematically defined; alternative splicing can also change protein-protein interactions within networks (5) . A systems biology approach can be used to study the relationship between splicing and oncogenesis by using tumor models with chromosomal translocations whose expressed fusion proteins have putative roles in splicing (6, 7) .
Fusion proteins produced by chromosomal translocations in sarcomas often contain the amino-terminal portion of EWS and are classified as transcription factors due to the presence of a canonical carboxyl-terminal DNA-binding domain (6) . EWS-FLI1 is a well-established ES oncoprotein and is recognized as a DNA-binding transcriptional regulator (8, 9) . The EWS-FLI1 fusion protein of Ewing sarcoma (ES) is an example of a fusion protein whose DNA gene targets have been comprehensively investigated, yet dysregulation of these target genes induced or repressed by EWS-FLI1 does not fully explain the disease phenotype (10) . In addition, some data suggest that DNA binding is not required for transformation by EWS-FLI1 (11, 12) .
We recently showed that EWS-FLI1 directly binds RNA and interferes with the activity of RNA helicase A (RHA) (13) . In addition, previous protein interaction studies identified the SF1 and U1C splicing factors as partners of EWS-FLI1 and discovered that EWS-FLI1 alters the splicing of an adenoviral transcript (14, 15) . Also, EWS-FLI1 has been shown to modify the IGFBP3 mRNA half-life (16) as well as directly slow the rate of RNA polymerase activity during cyclin D transcription, leading to a more oncogenic isoform, cyclin D1b (17) . In total, these studies suggest functionally significant EWS-FLI1 activity in addition to transcriptional regulation driven by DNA binding (16) . Thus, further resolution of EWS-FLI1 biology through protein partners is necessary to clarify its full complement of activity as an oncoprotein.
The study of complete protein networks remains challenging because it is difficult to modify single interactions while preserving overall network architecture (18) . Fusion proteins are ideal as both models of oncogene function as well as targets for anticancer therapy. However, creating small-molecule inhibitors Significance Alternative splicing of RNA allows a limited number of coding regions in the human genome to produce proteins with diverse functionality. Alternative splicing has also been implicated as an oncogenic process. Identifying aspects of cancer cells that differentiate them from noncancer cells remains an ongoing challenge, and our research suggests that alternatively spliced mRNA and subsequent protein isoforms will provide new anticancer targets. We determined that the key oncoprotein of Ewing sarcoma (ES), EWS-FLI1, regulates alternative splicing in multiple cell line models. These experiments establish oncogenic aspects of splicing that are specific to cancer cells and thereby illuminate potentially oncogenic splicing shifts as well as provide a useful stratification mechanism for ES patients.
that disrupt a specific protein-protein interaction remains a significant challenge (19, 20) . We have validated a small molecule probe, YK-4-279, an enantio-specific inhibitor that both disrupts RHA interaction from EWS-FLI1 and restores RHA helicase activity (13, 21, 22) . Reagents that specifically disrupt spliceosomal protein interactions are useful for the characterization of spliceosomal networks as well as understanding oncogenic aspects of posttranscriptional modifications.
Here we describe an unbiased, in-depth, proteomic analysis of EWS-FLI1 protein partners that focuses on alternative splicing. Our analysis includes protein partner identification, functional classification, experimental validation, and placement of these identified proteins into the splicing network. We report that EWS-FLI1 not only has multiple direct connections within the spliceosome but also drives aberrant splicing in cell line models that have strong correlations with ES patient tumor samples. YK-4-279 is a critical probe in these experiments as it disrupts EWS-FLI1 protein interactions, subsequently altering mRNA splicing. The mechanism and effect of aberrant splicing driven by EWS-FLI1 provide insights into the oncogenic nature of protein isoforms of CLK1, Caspase-3, Liprin-β-1, and TERT. In addition, our resolution of the EWS-FLI1 protein network that links alternative splicing with transcription provides perspective into a systems biology model involving an oncogenic fusion protein, as well as additional opportunities for targeted therapeutics.
Results

EWS-FLI1 Interacts with Proteins in Many Functional Pathways.
A comprehensive analysis of protein partners of EWS-FLI1 has not been reported. Therefore, we used an unbiased approach to identify and validate potential protein interaction partners for EWS-FLI1 (SI Appendix, Fig. S1 ). Briefly, recombinant EWS-FLI1 was immobilized on an affinity column followed by the addition of ES nuclear lysate, elution, PAGE separation, and identification of bound proteins using liquid chromatography-mass spectrometry (MS). We identified 547 proteins as potential participants in EWS-FLI1 complexes (SI Appendix, Table S1 ), which were categorized using iProXpress (23) for both gene ontogeny (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG). The largest fraction of EWS-FLI1 interacting proteins were categorized as members of RNA splicing and processing families, as identified by the GO term "RNA splicing and processing" (43%, raw P = 5 ×10 −55 , Fig. 1A ), or were members of the spliceosome complex, as identified by the KEGG category "spliceosome complex" (29%, raw P = 2 ×10 −31
, Fig. 1B ). The set of identified proteins were mapped using Ingenuity Pathway Analysis (IPA), which elucidated multiple networks of posttranscriptional RNA processing and spliceosome regulation ( Fig. 1 C-E) . Thirty-four of the 547 proteins identified as being in complex with EWS-FLI1 correspond to networks that have spliceosomal activity (Fig. 1C) . Fifteen of the identified proteins mapped to a complex that regulates transcription factor MYC activity (Fig. 1D) , and although MYC was not itself identified, it is highly expressed and vital in ES (24, 25) . Our prior identification of RHA (DHX9) as an EWS-FLI1 partner was confirmed in an EWS-FLI1 interactome that shows nine proteins in a network that impacts RNA polymerase II (Fig. 1E) . Thus, our results show that EWS-FLI1 interacts with the spliceosome, providing a previously unidentified framework for the investigation of oncogenic alternative splicing.
EWS-FLI1
Integrates into the Spliceosome Network. We focused on 13 of the proteins with known spliceosome function and validated their interactions with EWS-FLI1 to avoid MS false positives (26) . Proteins that could be analyzed using commercially available antibodies were evaluated by coimmunoprecipitation (co-IP) with EWS-FLI1 using nuclear lysate from TC32 cells, a well-characterized ES cell line. An anti-FLI1 antibody was used for EWS-FLI1 co-IP, as ES cells do not express wild-type (WT) FLI1 (27) . Of the spliceosomal proteins validated by co-IP, 12 of 13 identified in an EWS-FLI1 complex were confirmed (SI Appendix, Table S2 and Fig. S2A) .
These complexes were then reciprocally evaluated using co-IP with antibodies to PRPF8 or p68 (DDX5), in which all 13 proteins were identified in at least one of these complexes (SI Appendix, Table S2 and Fig. S2A ). Eight of the 15 EWS-FLI1 complex proteins remained fully bound following RNase A treatment, whereas 3 showed decreased binding and 4 were lost from the complex (SI Appendix, Fig. S2B ). In contrast, immunoprecipitation with an EWS antibody, whose epitope was in the carboxy region of the protein, identified only 10 of the 15 proteins found with EWS-FLI1, and all but DDX5 were reduced or lost with RNase A treatment (SI Appendix, Fig. S2B ). These results show that EWS-FLI1 demonstrates specificity in its protein complexes with PRPF6, CDC5L, PRPF8, hnRNP K, and snRNP200 that are not found in WT EWS complexes and SFRS3 that does bind to EWS, but only in an RNAdependent fashion (SI Appendix, Fig. S2B ).
We obtained recombinant purified protein for nine of the proteins that we validated to be in complex with EWS-FLI1 in ES cells (SI Appendix, Table S2 ). In these ELISA experiments, three novel protein partners were identified as having direct interactions with EWS-FLI1: PRPF6, p68 (DDX5) and hnRNP K (SI Appendix, Table S2 and Fig. S3 ). RHA, previously identified as a direct partner of EWS-FLI1 (27) was confirmed using a RHA-specific antibody (SI Appendix, Table S2 and Fig. S3 ). In summary, a combination of co-IP and ELISA validated 13 novel proteins in complex with EWS-FLI1, including four direct interacting partners; these data confirm a highly interactive network supporting EWS-FLI1 as part of the spliceosome.
Current interaction network databases do not include fusion proteins, and thus functional analysis is challenging. Our data allowed us to draw a new protein interaction network that now includes EWS-FLI1 (Fig. 1F) . This network connects EWS-FLI1 to its direct and indirect spliceosomal protein partners. We overlayed the spliceosomal subunit associations to indicate that EWS-FLI1 connects to U1 through p68 (DDX5), U5 through PRPF6, U2 indirectly through SF3A2, and U4/U6 indirectly through PRPF3. To our knowledge, this is the first network model that connects the spliceosome to an oncogenic fusion protein transcription factor.
Expression of EWS-FLI1 Corresponds to Alternatively Spliced Transcripts.
The combined evidence from validated EWS-FLI1 interactions with multiple proteins in the spliceosome led us to investigate whether the expression of EWS-FLI1 influences alternative splicing. Three models of EWS-FLI1 were evaluated by Affymetrix GeneChip Human Exon 1.0 ST microarray: (i) ES TC32 cells where EWS-FLI1 was reduced with a lentiviral shRNA; (ii) A673i, which has a doxycycline-inducible shRNA to reduce EWS-FLI1 expression to screen for alternative splicing as measured by exon-specific expression changes; and (iii) human mesenchymal stem cells (hMSC), a putative cell of the origin of ES-expressing EWS-FLI1 (28) (SI Appendix, Fig. S4A ). The shRNA reduction did not reduce EWS levels nor did it affect FLI1, which is not expressed in ES (SI Appendix, Fig. S4A ). Two different analytical tools, Partek Genomics Suite (PGS) and easyExon, used exon expression levels to identify alternatively spliced transcripts with and without differential transcript expression (29) .
Exon array analysis comparing TC32, A673i, and hMSC cell line models detected 201 common genes with alternatively spliced transcripts. We compared exon expression across 82 of these 201 (40%) common genes and show examples of six genes that have alternatively spliced transcripts in the WT control vs. shRNA-reduced EWS-FLI1 TC32 cells (Fig. 2A) . The pattern of exon expression indicates alternative splicing when there is divergent probeset expression between the WT control expressing EWS-FLI1 (red line) and EWS-FLI1 loss (blue line). These events are indicated as a solid arrowhead with differential slopes of the line connecting two probeset expression points. To support the role of EWS-FLI1 in alternative splicing, EWS-FLI1 was expressed in hMSC, and this model shows similar patterns when EWS-FLI1 is expressed (red line) compared with the hMSC without EWS-FLI1 (blue line, Fig. 2B ).
To broaden our validation of alternative splicing, site-specific exon expression changes for the 82 common genes were evaluated by qRT-PCR. Individual loci identified by Partek analysis were validated using a reference locus (open arrowhead) compared with the region of predicted alternative splicing (closed arrowhead, Fig. 2 ). Expression at the reference locus of each gene was used to normalize expression to 1.0, shown on each graph by a horizontal black line (SI Appendix, Fig. S5 ). Relative expression at the region of predicted alternative splicing is shown when EWS-FLI is present (red bar) or absent (blue bar). One set of genes demonstrated alternative splicing without changes in overall gene expression levels; however, a second set showed differential overall gene expression in the presence of EWS-FLI1. Of the 82 genes evaluated, 76 (93%) confirmed consistent exon behavior with that predicted from the exon array using PGS and easyExon analysis, whereas 6 (7%) were not consistent based on the exons evaluated.
We selected 19 of the 82 genes (selected based on a literature review for having roles in oncogenesis) for confirmation across a larger panel of EWS-FLI1 cell line models (5 ES and hMSC+ EWS-FLI1). Thus, for each of these, PCR primers [based on RNA-seq de novo guided transcript reconstruction (SI Appendix, Methods)] were designed both for an exon common to all isoforms and for isoform-specific exons. We define a ES alternative splicing panel by evaluating these 19 genes in five ES cell lines with and without shRNA reduction of EWS-FLI1 (TC32, TC71, A4573, SK-ES, and STA-ET-7.2) as well as in WT and EWS-FLI1-expressing hMSC (SI Appendix, Fig. S4A ). Using isoformspecific qRT-PCR primers, we determined that 10 genes (ARID1A, RUNX2, EZH2, TERT, CUL4A, CAV3, CALD1, HDAC8, USP2, and IGFBP3) fully gain or lose an isoform or demonstrate alternative promoter selection based on the modulation of EWS-FLI1 expression (Fig. 2C , green boxes). The variability of spliced isoforms among ES cell lines, despite all expressing EWS-FLI1, is considered in the Discussion. Nine of the 10 genes were consistent in hMSC expressing EWS-FLI1 as well as in three of five ES cell lines. These 10 confirmed genes represent a subset of the alternative splicing induced by EWS-FLI1, whereas 9 genes did not demonstrate changes consistent with annotated isoforms (RUNX1, MBNL1, DACT3, DHX29, CDKN1C, CCND1, DCP2, BRF1, and DIDO1).
Retained Introns and Skipped Exons Are Altered by EWS-FLI1. We analyzed TC32 cells with reduction of EWS-FLI1 compared with YK-4-279 treatment, a small-molecule inhibitor of EWS-FLI1, using RNA-seq as a more comprehensive analytical tool to evaluate transcriptome-wide splicing changes. Global evaluation of splicing events, including nonannotated events generated from transcriptome reconstruction, was calculated as a percentage of the top five events. The majority of splicing events in WT cells involve skipped exons (SE: 53%, Fig. 3A ). Upon EWS-FLI1 reduction or YK-4-279 treatment, this percentage dropped to 48.5%. Retained introns (RI) almost doubled from 10% to 17.5% and 18%, respectively, for EWS-FLI1 reduction and YK-4-279 treatment. Other splicing events-mutually exclusive exons (MXE), alternative 5′ splice site (A5SS), and alternative 3′ splice site (A3SS)-did not demonstrate consistent changes between conditions nor did they have the same magnitude as the increase in retained introns (Fig. 3A) .
The above analysis is based on the de novo transcriptome from RNA-seq; therefore, we also determined splice events corresponding only to annotated events in the Ensembl, UCSC, and RefSeq references for GRCh37, for both EWS-FLI1 reduction and YK-4-279 treatment, with common genes shaded in blue (SI Appendix, Table  S3 A and B). The significance of overlap between the shEWS-FLI1 and YK-4-279 groups based on annotated splice events was significant for SE (P = 3.7 × 10
), and A3SS (P = 2.6 × 10
−4
). We show three examples of alternative splicing based on reduction of EWS-FLI1 expression as well as the calculated percent spliced-in (PSI) from RNA-seq in the graph, with 95% confidence limits, and the corresponding semiquantitative RT-PCR densitometry PSI determination below each gel image (Fig.  3B) . CLK1 shows both a retained intron on both ends of exon 4 and a skipped exon 4 (PSI reduced from RNA-seq 85 to 52% and semiquantitative RT-PCR 86 to 69%). CASP3 shows a skipped exon 2 (PSI reduced from RNA-seq 49 to 17% and semiquantitative RT-PCR 21 to 3%), and PPFIBP1 shows a skipped exon 19 (PSI reduced from RNA-seq 42 to 9% and semiquantitative RT-PCR 72 to 6%) when EWS-FLI1 is expressed. Two other genes, EZH2 and CALD1, were evaluated by semiquantitative RT-PCR based on primers designed for isoform-specific detection and RNA immunoprecipitation. Both demonstrated multiple isoform changes and likely alternative promoter use based on the reduction of EWS-FLI1 (SI Appendix, Fig. S4C ). None of these splicing changes were observed with shRNA reduction of WT EWS protein in TC32 cells (SI Appendix, Fig. S4B ).
Cross-linking immunoprecipitation (CLIP) of EWS-FLI1 was used to determine a motif associated with EWS-FLI1 binding to RNA. This motif (Fig. 3C ) occurred more frequently within 3 nt of the 5′ exon-intron boundary than any other place ± 500 nt at either the 5′ and 3′ ends of exon-intron boundaries (Fig. 3D ). To evaluate a second method by which EWS-FLI1 may interact with RNA, we determined the potential RNA secondary structure preference of EWS-FLI1 using local secondary structure prediction (30, 31) . Using sequenced CLIP reads greater than 20 nt, we calculated the minimum free energy (MFE) structures that were possible and compared them to those generated from a random set of exonic reads of the same length (Fig. 3E) .
We evaluated the effect on spliced isoforms of reducing EWS-FLI1 splicing partners p68 (DDX5), hnRNP K, and PRPF6 (SI Appendix, Fig. S4B ). Alternative splicing for each of CLK1, CASP3, and PPFIBP1 occurred secondary to each of the protein reductions with almost similar PSI to that of EWS-FLI1 reduction (Fig. 3F) . Additional isoform switching occurred with reduction of p68 in 5 of 10 targets, of hnRNP K in 4 of 10, and of PRPF6 in 3 of 10 (SI Appendix, Fig. S4B ). None of the spliceosomal protein reductions significantly changed the EWS-FLI1 expression levels in TC32 cells (SI Appendix, Fig. S4B ). As controls for specificity, SF3A2, an indirect partner of EWS-FLI1 (Fig. 1F ) was reduced and did not demonstrate any of the isoform switching observed after reduction of direct partners (SI Appendix, Fig. S4B ). Using a further specificity control, reduction of PRPF6 in MDA-MB-231 breast cancer cells did not result in isoform switching (SI Appendix, Fig. S4B ). TERT Is Alternatively Spliced by EWS-FLI1, Leading to an Isoform with Enhanced Activity. TERT, a critical regulator of telomeres leads to immortalization through both scaffolding of protein partners and enzymatic activity. Using the exon array data, we identified TERT as alternatively spliced, leading to the loss of exon 11 when EWS-FLI1 is reduced (Fig. 4A) . Using primers specific to exon 11, semiquantitative RT-PCR analysis confirmed a PSI reduction from 100% to 21%, leading to the γ-TERT isoform (Fig. 4B) . A synthetic minigene containing ∼600 bp (300 bp on either side of the exonintron junction region) of introns 10 and 11 ( Fig. 4C ) was spliced consistently with our experimental evidence when expressed in either WT ES or EWS-FLI1 reduced cells (Fig. 4D) . TERT was consistently spliced in four of five ES cell lines and hMSC that express EWS-FLI1 (Fig. 2C) . Semiquantitative RT-PCR and minigene analysis confirmed the isoform switching because TERT had few mapped reads (Fig. 4E) . RNA IP also corroborated that TERT mRNA binds to EWS-FLI1 (Fig. 4F) , but not to RUNX1 as a control (SI Appendix, Fig. S4A ). We therefore evaluated telomerase activity of TERT with a telomeric repeat amplification protocol (TRAP) assay and showed that ES cells with EWS-FLI1 reduction exhibited increased TERT activity (Fig. 4G) . Reduction of TERT protein reduced TRAP activity to 20% of control, and with re-expression of WT TERT the endogenously expressed protein exhibits TRAP activity at 95% of WT control. However, expression of γ-TERT led to TRAP activity that was 180% greater than that of the control, similar to the observed TRAP activity upon EWS-FLI1 reduction (Fig. 4G) . Both WT TERT and γ-TERT were expressed from the same plasmid backbone to control for differences in expression.
YK-4-279 Disrupts EWS-FLI1 Protein Interactions Within the Spliceosome
Leading to Alternative Splicing. One of our underlying hypotheses suggests that dissociation of EWS-FLI1 from specific complexes rather than reduction of expression would have differential cellular effects. EWS-FLI1 modulates a series of direct target genes, yielding a characteristic transcriptional signature that has been associated with EWS-FLI1 transformation (10) . We confirmed transcript level alterations of a panel of genes using qRT-PCR analysis following shRNA reduction of EWS-FLI1 in TC32 cells. Target genes normally suppressed by EWS-FLI1 (TGFβR2 and IGFBP3) -FLI1 (VEGFA, NR0B1, CDKN1C , TERT, ID2, EZH2, UPP1, GLI1, PTPL1) decreased in the absence of EWS-FLI1 (Fig. 5A) . The panel of EWS-FLI1 transcriptional targets evaluated in TC32 cells treated with YK-4-279 for 8 h showed that only VEGFA and TGFβR2 transcripts were altered in a fashion consistent with EWS-FLI1 reduction (Fig.  5A) . The remainder of the transcripts in TC32 cells treated with YK-4-279 demonstrated a minimal increase in their relative expressions, independent of their changes with EWS-FLI1 protein reduction. An additional ES cell line, TC71, treated with YK-4-279, also lacked significant changes in the putative EWS-FLI1 transcriptional signature, corroborating our TC32 results (SI Appendix, Fig. S6) .
We found that YK-4-279 prevents only the binding of direct protein partners p68 (DDX5) and RHA. Neither direct protein interactors hnRNP K and PRPF6 (Fig. 5B) nor indirect protein complex members PRPF8, snRNP200, SFPQ, CDC5L, and hnRNP U were blocked from EWS-FLI1 by YK-4-279 (SI Appendix, Fig. S7 ). Using the exon-array-generated EWS-FLI1 splicing panel, we found that 7 of 10 genes were similarly alternatively spliced following YK-4-279 treatment compared with EWS-FLI1 reduction (Fig. 5C ). In addition, CLK1, CASP3, and PPFIBP1 were all alternatively spliced with similar PSI following YK-4-279 treatment compared with EWS-FLI1 reduction (Fig. 5D ). To control for nonspecific effects from transcription inhibition or pause, we used both doxorubicin, a known topoisomerase II inhibitor that inhibits transcription (32) and direct measurement of transcript elongation with BruDRB-seq [bromouridine labeling followed by sequencing of uridine-incorporated transcripts (33) ]. None of the 13 genes evaluated showed doxorubicin-induced splice alterations with these primers, demonstrating that generalized inhibition of transcription does not recapitulate the splice changes associated with loss of EWS-FLI1 (Fig. 5 C and D) . We also evaluated whether YK-4-279 would affect spliced isoforms based on altering the rate of RNA pol II elongation using BruDRB-Seq (34) . ES cells in either the presence or absence of EWS-FLI1 did not change their rate of elongation when treated with YK-4-279 (Fig. 5E ). These data demonstrate that small-molecule YK-4-279 specifically alters splicing based on altering protein interactions with patterns that are most consistent with disruption of p68 (DDX5) or RHA from EWS-FLI1.
Tumors from ES Patients Demonstrate Similar EWS-FLI1-Influenced
Splicing. Alternative splicing in human tumors is becoming recognized as a driver of myelodysplasia (35, 36) . We therefore analyzed exon array data obtained from 75 ES patient tumor samples (ESTS) before chemotherapy to determine if these clinical samples would match mRNA expression profiles generated by ES cell line models. Individual probeset expression from ESTS was normalized by overall gene expression and then compared between neural crest (NC), hMSC, and TC32 with/without EWS-FLI1. Both NC and hMSC have been putatively evaluated as the ES cell of origin (28, 37, 38) . Using the paired cell line models, we were able to calculate ANOVA P values for each probeset to measure the significance of a consistent effect of EWS-FLI1 across models. There were 21 events based on EWS-FLI1 expression across the cell line models that were significantly altered (P ≤ 0.05 after Benjamini-Hochberg correction). The expression of EWS-FLI1 in both NC and hMSC caused alternative splicing changes similar to EWS-FLI1 in TC32 and ESTS (Fig. 6A ). There were 5,595 events when comparing TC32 with EWS-FLI1 reduction to ESTS (P ≤ 0.05 after Benjamini-Hochberg correction). The overlap between the cell line models and ESTS analysis is highly significant (P = 0.000717). We show a panel of genes that demonstrates the similarities of exon expression (SI Appendix, Fig. S8A ). As a control, exon expression patterns for 10 of the ES alternatively spliced transcripts were evaluated in the breast cancer cell line MDA-MB-231. Eight of the 10 genes show alternative transcripts, based on the regions in the gray boxes, at sites where alternative splicing patterns differ from those found in ES (SI Appendix, Fig. S8B ).
Principal component analysis (PCA) for all alternatively expressed exons suggesting splice variants was normalized for overall gene expression across all genes among 53 of the 82 patients from whom we obtained clinical presentation and relapse data. ES patients with both localized and metastatic disease without recurrence events tend to segregate based on specific exon expression patterns from patients with recurrence when global splicing profiles are considered. Gene-normalized exon expression patterns allow separation of localized patients who experience a recurrence from those who do not recur (Fig. 6 B and D) . Chisquared testing of clusters generated by hierarchical clustering of gene-normalized exon expression showed near-significant differences for patients with localized ( Fig. 6 B and C; P = 0.1) and metastatic (Fig. 6 D and E; P = 0.05) disease between groups of patients who experienced an event and those who did not. Thus, analysis of these ESTS suggests that alternative splicing patterns may be associated with patient outcome despite their universal expression of EWS-FLI1.
Discussion
The canonical model of EWS-FLI1 transformation suggests that the DNA-binding domain is bound to promoter sequences as a transcriptional regulator (9, 28, 39, 40) ; however, full phenotypic recapitulation of ES through the manipulation of differentially expressed genes alone has not been accomplished. Our data show an emergent network of EWS-FLI1, derived from analysis of protein-protein interactions, including discovery of p68 (DDX5), PRPF6, and hnRNP K as direct binding partners. We validated EWS-FLI1-modulated splicing across a panel of ES models, as well as hMSC cells expressing EWS-FLI1, and found consistent splice variants in the presence of EWS-FLI1. The small molecule YK-4-279, originally discovered for its ability to disrupt RHA-EWS-FLI1 interaction, also disrupts p68; however, neither PRPF6 nor hnRNP K are disrupted from the EWS-FLI1 complex. The mechanism of EWS-FLI1-modulated splicing is revealed, in part, through an RNA-binding motif at intron-exon boundaries or via a binding preference for mRNA with secondary structure. The protein partners p68, PRPF6, and hnRNP K are likely coregulatory transmodulators of EWS-FLI1 on RNA splice site selection. Finally, we show that ES tumors from patients demonstrate similar exon-specific expression patterns as EWS-FLI1 cell line models, including NC and hMSC. These novel protein interactions place EWS-FLI1 in a central role as a component of the spliceosome and provide evidence to support a historical hypothesis about EWS-FLI1 influencing alternative splicing (14, (41) (42) (43) . These data allow for discussion of (i) how EWS-FLI1 links transcription and splicing through protein networks, (ii) a novel mechanism for YK-4-279 inhibition of EWS-FLI1, (iii) how the EWS-FLI1 network differs from the WT EWS network, (iv) splicing as an oncogenic process, and (v) how differentially spliced isoforms might contribute to oncogenesis and pathogenesis.
EWS-FLI1 Links Transcription and Splicing. This study reveals multiple new protein partners of EWS-FLI1 that suggest multiple functions for this oncogene beyond direct transcriptional regulation; evidence presented here supports a role in posttranscriptional splicing regulation. EWS-FLI1 modulation of splicing could occur through direct binding to nascent mRNA to block trans-elements, altering the protein interaction network, or by interfering with helicase activity to alter cis-acting elements. Our CLIP-seq experiment confirms our recent finding that EWS-FLI1 binds to RNA, although a motif that corresponds to a canonical donor, acceptor, or branch point site was not identified. Rather, the sequence motif(s) were found at intron-exon boundaries of those genes alternatively spliced, potentially using those cis-elements to localize alternative protein complexes.
EWS-FLI1 binds to p68, and reduction of p68 mimics most of the EWS-FLI1 splicing events that we measured. A potentially similar mechanism occurs where mutant U1C in yeast alters the activity of the Prp28p helicase to modulate splicing (14, 44, 45) . Because EWS-FLI1 interacts with multiple other spliceosomal proteins, those network proteins may also recognize different splicing elements. Consistent with this, reduction of either hnRNP K or PRPF6, direct EWS-FLI1 partners, leads to alternative splicing. PRPF6 has been independently implicated as a driver of colorectal cancer (46) . However, reduction of SF3A2, which is an RNA-dependent, indirect EWS-FLI1 partner, did not alter splicing for those genes analyzed. PRPF6 reduction in breast cancer cells also did not alter splicing of EWS-FLI1 modulated genes. A final mechanism of EWS-FLI1-modulated splicing may come from direct inhibition of a partner helicase activity, which we recently demonstrated for RHA (13) .
YK-4-279 Alters Splicing Rather than Direct Transcriptional Inhibition.
We directly confirm a panel of EWS-FLI1 transcriptional targets that are modulated by the reduction of EWS-FLI1 levels. The discovery and optimization of YK-4-279 was initially based on its ability to block RHA from binding to EWS-FLI1. We therefore expected the effect of the EWS-FLI1 inhibitor YK-4-279 to mimic the transcriptional effects of EWS-FLI1 reduction; however, this was not observed. Instead, YK-4-279 treatment showed a significant overlap of alternative splicing events that were similar to EWS-FLI1 reduction. In addition, YK-4-279 blocks the binding of p68 as well as RHA, but does not interfere with the binding of PRPF6 or hnRNP K. Both helicases could potentially modulate splicing; however, p68 has been directly implicated in 5′ splice site selection as a function in the U1 complex (47) . However, earlier work also places RHA in the spliceosome and as a regulator of splicing (48) (49) (50) . This suggests that YK-4-279 blocking of specific protein interactions from EWS-FLI1, such as RHA and p68, will alter the splicing program differently from the loss of EWS-FLI1. We also considered whether EWS-FLI1-modulated RNA pol II elongation activity was affected by YK-4-279 treatment, because this mechanism led to alternative poly(A) site selection for cyclin D1 (17) . We did not note any alteration in polymerase elongation activity when stalled complexes were released; however, polymerase effects based on YK-4-279 treatment cannot be fully eliminated based on this limited investigation. Fig. 2C . Genes with EWS-FLI1 exon-specific isoform switch, similar to EWS-FLI1, are green, and no isoform switch is red. (D) Schematic and exoncentric coverage maps (RPKM) for CLK1, CASP3, and PPFIBP1 derived from deep sequencing (key as in Fig. 3B ). MISO was used to estimate PSI values for each annotated event, and 95% confidence intervals are shown. WT TC32 data are red, and YK-4-279 treatment is orange. To the right, PCR validation gels show the splicing change, and the PSI is calculated from densitometry and shown beneath each graph. (E) Elongation rates for 10 min for the NR0B1 gene following 5,6 dichloro-1-β-D-ribofuranosylbenzimidazole (DRB) removal are shown for WT TC32 cells (scrambled, Upper two panels) and for EWS-FLI1-reduced TC32 cells (shEWS-FLI1, Lower two panels). Polymerization rate was calculated following bromouridine (BRU) incorporation from the time of DRB washout. The second and fourth panels care concomitantly treated with YK-4-279 during the elongation period. Read depth (RPKM) calculated on y axis is based on immunoseparation of BRU-labeled message followed by deep sequencing. NROB1 transcript was derived from GRCh37 annotation shown at the bottom.
We did observe changes in splicing when YK-4-279 disrupted p68 and RHA, but it did not disrupt PRPF6 or hnRNP K. However, when PRPF6 or hnRNP K expression was reduced, the alternative splicing changes showed similarity with YK-4-279 for a subset of genes (SI Appendix, Fig. S4B, compared with Fig. 5C ). This supports our findings that these splice site modulators are part of EWS-FLI1-directed modulation of splicing, yet have different effects than that of p68 or RHA. Although larger data sets would be informative, these data suggest that a small molecule, such as YK-4-279, can be used to dissect properties of protein interactions that would otherwise remain obscured when RNAi approaches are used for functional analysis, as elimination of a protein can lead to confounding downstream effects. Treatment with doxorubicin to control for general transcriptional inhibition demonstrates that splicing alterations induced by YK-4-279 are not a secondary effect of cells dying. Thus, smallmolecule inhibitors of specific protein-protein interactions will become increasingly useful in understanding the functionality and potentially oncogenic properties of the spliceosome.
Spliceosomal Network of EWS Differs from EWS-FLI1. These experiments highlight the importance of building protein interaction networks that include fusion oncoproteins. There appear to be critical differences between the canonical EWS network and our experimentally validated EWS-FLI1 network, both in their qualitative protein interactions and the dependence of RNA bridging for these complexes to form (SI Appendix, Fig. S2B ). Our experiments show that reduction of EWS did not create the same splice variants as EWS-FLI1 reduction among the nine variants tested (SI Appendix, Fig. S4B ). WT EWS interacts with many proteins and has a role in many cellular processes as an RNA-binding protein (51) . Full-length EWS is recognized as a regulator of alternative splicing in regions of DNA damage, which involves a network of proteins different from EWS-FLI1 (52) . The EWS network interactions are substantially different from EWS-FLI1 and can be visualized in silico using STRING 9.1 (53) that includes YB-1 (SI Appendix, Fig. S9 ). YB-1 was identified as a splicing protein partner of EWS that did not complex with EWS-FLI1, which was consistent with our data (41, 54) . EWS also interacts with RHA (DHX9); however, PRPF6 and hnRNP K do not complex with EWS (SI Appendix, Fig. S9 ). PRPF6 and hnRNP K, however, do connect to RHA and YB-1 without interceding network nodes. Our data show that EWS-FLI1 directly interacts, independent of RNA, with PRPF6 and hnRNP K as well as RHA. EWS, previously reported to alter splicing (6), also alters FAS alternative splicing (AS); although EWS-FLI1 also leads to the same splice alteration, the PSI appears much lower (55) . This supports data reporting that different complexes of proteins differentially recognize splice enhancers or suppressors; this paper provides tools to further probe this theory using alternative splicing as a model. The extent to which EWS-FLI1 perturbs the EWS network could be elucidated in future work by (i) further dissection of YB-1 or other protein interactions or (ii) evaluation of EWS inhibition on oncogenesis.
Spliceosome as Oncogenic Modulator. Before the data presented in this paper, TERT, CLK1, CASP3, and PPFIBP1 were not recognized as isoforms modulated by EWS-FLI1. One prior report identified EWS-FLI1 increasing TERT activity independently of DNA binding; however, no isoform analysis was performed (56) . These four genes were recognized as putative contributors to oncogenesis based on the published literature (57) (58) (59) (60) (61) (62) (63) (64) (65) . None of these genes were alternatively spliced by WT EWS reduction.
TERT functions through a combination of direct enzymatic activity and as a protein scaffold to affect transcription as well as telomere maintenance (66, 67) . We identified an EWS-FLI1-modulated splice variant of TERT using exon array analysis, despite very low levels of TERT transcription in our RNA-seq data. Native TERT splicing analysis in ES, TERT minigene splicing, and RNA IP data support a direct involvement of EWS-FLI1 in this alternative splicing. The canonical isoform of TERT includes 62 amino acids translated from exon 11 and is the predominant splice variant identified in WT ES cells expressing EWS-FLI1. However, in the EWS-FLI1-reduced cells, exon 11 is skipped and the large isoform is significantly reduced. This TERT variant has been classified as the γ-isoform, where the distal reverse transcriptase domain is shortened (68) . The only functional data for γ-TERT show that cell lines Huh7 and HLE expressing very small quantities of γ-TERT have 50% greater telomerase activity than cells lacking γ-TERT (68). When EWS-FLI1 was reduced in ES cells, expression of the γ-TERT isoform was increased and telomerase activity also increased above baseline. To determine if this increase was due to the γ-TERT isoform, WT TERT was reduced with shRNA followed by expression of both WT and γ-TERT. Although exogenous expression of WT TERT replaced telomerase activity to baseline, exogenous expression of γ-TERT increased activity by ∼50% over baseline. We conclude from this that EWS-FLI1 influences splicing with potential biologic consequences, and future work will be dedicated to resolving the contribution of these alternative isoforms.
Three other genes-CLK1, CASP3, and PPFIBP1-were consistently alternatively spliced by EWS-FLI1 and also demonstrated similar alternative splicing following reduction of EWS-FLI1 direct splicing partners. CLK1 demonstrated both intron retention and exon skipping. The skipped exon 4 and intron retention variants are either both inactive or rapidly cleared by nonsense-mediated decay (63, 69) . The loss of CLK1 activity may disrupt a feedback loop because its kinase activity is critical for the phosphorylation of multiple SR proteins that regulate splicing (63, 70, 71) . The inclusion of CASP3 exon 2 with EWS-FLI1 reduction places an internal ribosome entry site into the 5′-UTR of the mRNA (72) . This 5′-UTR may enhance the translation of caspase-3, thus increasing its protein levels and in part explaining the increased apoptosis seen with YK-4-279 treatment (21) . CASP3 exon 2 has also been recognized as containing a polymorphism that increases the likelihood of head and neck cancer (61) . PPFIBP1 is a scaffolding protein where the reduction of EWS-FLI1 leads to the inclusion of exon 19, which is translated to a region between the first and second sterile alpha motif (SAM) protein interaction domain, which is critical for CASK binding (73) . PPFIBP1 has been implicated in both brain and pancreatic cancer; however, the relationship between oncogenesis and specific isoforms is not well characterized (60, 64) . One of the significant challenges for physicians treating patients with ES is therapeutic stratification at the time of diagnosis, beyond metastatic disease (74, 75) . With many new therapeutic options in development, knowledge of those patients who will experience a tumor recurrence would allow for augmented or personalized therapy at the time of diagnosis, rather than after relapse. We were able to show, using PCA analysis of all splicing events, that there was a separation between patients with either localized or metastatic disease who do not experience a relapse and those likely to relapse. All these patients expressed EWS-ets fusions, and prior prospective investigations did not demonstrate survival differences based on the EWS-ets fusion type (76, 77) . Therefore, heterogeneity in survival, based on EWS-FLI1-regulated splicing, seems counterintuitive. Our evaluation of ES cell lines, which all expressed EWS-ets (two type 1, two type 2, and one type 3), also showed some variability in spliced isoforms. This suggests that EWS-ets splicing factor partner proteins, which participate in splice site selection, could lead to alternative isoform expression that is reflected in our patient samples.
These alternative protein isoforms, generated based on tumor differences in splicing-factor levels beyond EWS-FLI1, could be responsible for differences in ES outcome. Thus, we hypothesize that patients who have recurrent disease, although all express EWSets, may ultimately have different oncogenesis-related protein isoforms in their tumors. The clinical data analyzed here lead to a testable hypothesis that could solve a vexing clinical challenge; this requires prospective validation with an approach sensitive to spliced isoforms, such as RNA-seq or single-molecule real-time sequencing. These deep-sequencing technologies were neither cost effective nor widely available 10 y ago when the samples analyzed for this paper were collected.
A number of studies laid important groundwork by probing the potential role of EWS-FLI1 in alternative splicing (14, 16, 41, 44) . The data in this paper indicate that EWS-FLI1 impacts ES biology beyond transcriptional modulation and has a significant role in posttranscriptional regulation. This additional functionality of EWS-FLI1 is critical to consider when designing smallmolecule inhibitors or other perturbants. The tools that we used to create EWS-FLI1 networks are likely exportable to other fusion protein transcription factors (7) . Reducing protein levels of critical splicing partners in the EWS-FLI1 complexes and observing changes in expressed gene isoforms could be informative toward a comprehensive map of functional splicing effects. In addition, we show the effectiveness of small-molecule perturbation of protein complexes in dissecting splicing patterns. This relatively specific targeting in a model where a single protein, EWS-FLI1, connects transcription and splicing could uncover valuable components of the elusive splicing code. This work adds a level of complexity to our understanding of the role of chimeric transcription factors and provides for the possibility of novel therapeutic targets that would be both specific and highly effective.
Materials and Methods
Additional materials and methods text can be found in SI Appendix.
Cell Lines and Reagents. ES cell lines TC32, TC71, A4573, SKES, STA-ET-7.2, and A673i (Olivier Delattre, Institute Curie, Paris) were grown in 10% (vol/vol) FBS in RPMI at 37°C in 5% CO 2 and passaged every 3-4 d. hMSC were obtained from Lonza. Eukaryotic EWS-FLI1 was expressed using pCIneo.EWS-FLI1. EWS-FLI1 shRNA was a generous gift from Christopher T. Denny (University of California, Los Angeles). Lentiviral stocks were made by transiently transfecting 2.7 μg of expression vector, 675 ng of VSV-G-expressing plasmid pCMV, and 2.0 μg of packaging plasmid pCMVHR8.2 deltaR. Viral stocks were collected 2 d after transfection, filtered, and frozen.
Ewing Sarcoma Tumor Samples. Patient's samples and informed consent were obtained from 43 German patients treated within the Euro-E.W.I.N.G.-99 (EE99) trial and from 14 German patients treated within the European Intergroup Cooperative Ewing Sarcoma Studies (EICESS)-92 trial (74, 78 ). An additional 29 samples were from patients who participated in the referenced clinical trials and signed informed consent for inclusion of their tumor in biology investigations (79) . All data and informatics for this publication were obtained with coded ESTS that had all identifying information removed.
